Five-day-old seedlings of corn (Zea mays L.) grown without nitrate were decapitated and exposed to 0.5 mM KNOs or 0.5 mM KCI in aerated solutions at 30 C. Uptake of nitrate, chloride, and potassium was determined by replacing solutions hourly and measuring their depletion. Translocation of these ions and of organic nitrogen was determined by hourly analysis of the vascular exudate. Nitrate reduetion was estimated by the difference between nitrate uptake and nitrate recovered in the tissue and exudate. Nitrate uptake exhibited its usual pattern of apparent induction resulting in the development of an accelerated uptake phase. Chloride uptake remained fairly constant throughout the experimental period. Translocation of nitrate increased progressively for at least 7 hours whereas chloride translocation reached a maximum about the 3d hour and then declined to a lower rate than nitrate translocation. Nitrate uptake and translocation were restricted by anaerobiosis, by 20 and 40 C relative to 30 C, and by 0.05 mM 6-methylpurine, an RNA-synthesis inhibitor. Accumulation, reduction and translocation of nitrate had different sensitivities to all these factors. (17, 18) . Data are presented to support the concept that continuous nitrate uptake is required to maintain significant translocation of nitrate. In addition, the translocation of organic nitrogen was strongly dependent upon continuous nitrate uptake.
ions and of organic nitrogen was determined by hourly analysis of the vascular exudate. Nitrate reduetion was estimated by the difference between nitrate uptake and nitrate recovered in the tissue and exudate. Nitrate uptake exhibited its usual pattern of apparent induction resulting in the development of an accelerated uptake phase. Chloride uptake remained fairly constant throughout the experimental period. Translocation of nitrate increased progressively for at least 7 hours whereas chloride translocation reached a maximum about the 3d hour and then declined to a lower rate than nitrate translocation. Nitrate uptake and translocation were restricted by anaerobiosis, by 20 and 40 C relative to 30 C, and by 0.05 mM 6-methylpurine, an RNA-synthesis inhibitor. Accumulation, reduction and translocation of nitrate had different sensitivities to all these factors. The effect of 0.05 mM 6-methylpurine was more detrimental to nitrate translocation and nitrate reduction than to nitrate uptake.
Ambient nitrate, relative to chloride, enhanced the exudation volume and the translocation of organic nitrogen within 4 hours from initiation of the experiments. Translocation of nitrate and organic nitrogen decreased shortly after removal of external nitrate. The higher rates of organic nitrogen translocation which occurred during nitrate uptake indicates either (a) rapid translocation of amino acids synthesized from the entering nitrate, or (b) an accelerated rate of protein turnover and a resulting enhancement in translocation of endogenous amino acids.
Following its absorption by root tissue, nitrate may be reduced and assimilated, stored in vacuoles, or translocated to the shoots. That deposited in the vacuoles of root cells, however, may be only slowly available for translocation (17) , for maintenance of net nitrate reductase synthesis (17) , and for nitrate reduction (9) roots (10, 29, 32) , and experiments with 'N indicate that substantial nitrate reduction and translocation of the reduced nitrogen can occur in corn roots (16) . The capacity of the root system to reduce nitrate affects the proportion of entering nitrate which is released to the translocation stream (34) . The relative rate of nitrate translocation may therefore be affected by the rate of uptake, the induction and activity of nitrate reductase, and the rate of deposition in the vacuoles of the root cells. The purpose of the present investigations was to examine some of the factors which regulate nitrate translocation to the shoots. Detopped, dark-grown corn seedlings were employed in which an accelerated rate of nitrate uptake develops after an initially slow uptake rate (17, 18) . Data are presented to support the concept that continuous nitrate uptake is required to maintain significant translocation of nitrate. In addition, the translocation of organic nitrogen was strongly dependent upon continuous nitrate uptake.
MATERIALS AND METHODS
The procedures were, in general, similar to those described by Jackson et al. (17) . All experiments were conducted with corn (Zea mays L.) hybrid DeKalb XL45. Four days after germination in darkness with 0.1 mm CaSO, the secondary roots were excised and five seedlings were assembled in a Plexiglas holder especially designed to fit the top of a 75-ml Taylor tube. Seedlings were then placed in a pretreatment solution for 24 to 36 hr in darkness prior to initiating the experiment. The pretreatment solutions contained per liter 0.25 mM (NH)2SO,, 0.6 mmY K2SO4, 0.4 mM KH2PO4, 1.6 mM MgSO4, 0.8 mm CaSO4, and 250 mg CaCO,. Iron was supplied as Fe-EDTA at 1.8 mg per liter; the remaining five micronutrients were present at one-fifth the concentration of Hoagland's solution (13) .
The standard uptake solution contained 0.5 mM KNO or 0.5 mM KCl plus 0.25 mm CaSO4, pH 6. For the experiments involving temperature, 6-methylpurine, or anaerobiosis variables, the uptake solutions also contained 1 mm Na 2-[Nmorpholino]ethanesulfonate as a buffer and the bactericide chloramphenicol at 20 jtg mP. Except where indicated, solutions were continuously aerated and the temperature was maintained at 30 C. Solutions were changed hourly and nitrate, chloride, and potassium uptake determined from depletion of the solutions. Five plants per 70 ml were employed for each replication. Four of these five-seedling units were used as replicates for each treatment and the data presented are the averages of the four replicates.
Immediately after placing the plants in the uptake solutions, the mesocotyls were excised below the first node 3 of the total nitrate in the seed, mesocotyl, and exudate. The amount of chloride, potassium, and organic nitrogen in the exudate includes that derived from the seed as well as that transported out of the root system. Chloride and potassium appearance in the exudate was strongly dependent upon the solution bathing the roots, suggesting that direct translocation out of the root system was largely controlling the rate. As will be shown below, organic nitrogen appearance in the exudate was also strongly dependent on the composition of the ambient solution.
After the appropriate exposure period, the tissue was rinsed, blotted, weighed, and frozen. It was then homogenized with methanol-chloroform-water (13:4:3). In some instances, when only nitrate, chloride, and potassium were to be determined, the tissue was extracted with hot water. There was no difference between the two procedures for these three constituents. Nitrate in the nutrient solutions, exudate and root, seed, and mesocotyl extracts was analyzed by a nonautomated modification of the method of Lowe 17) . Cumulative chloride uptake ( Fig. 1 ) was essentially linear, and the uptake of both ions was greatly restricted by anaerobiosis. During the initial period of exposure to the solutions, nitrate uptake rates were slightly less than chloride uptake rates (Fig. 1 , cf. Fig. 11 ), but the rates of nitrate uptake were higher than those observed for chloride uptake after the second hr. The rates of nitrate translocation increased steadily while chloride translocation rates increased at first and then declined slightly after 2 hr (Fig. 2) KNO. pretreatments (Fig. 4) . Very low translocation rates occurred by the end of the 5-hr chase period (Fig. 4 ) although significant amounts of nitrate were still present in the roots at this time (Table I) . No nitrate was recovered in the ambient KCI during the chase period. For the 0.5 and 2.5 mm KNO, pretreatments, the quantity of nitrate lost from the root tissue during the chase period was greater than the quanity recovered in the exudate (Table I) . For the 15 mM KNOs pretreatment, the nitrate lost from the root tissue was less than that recovered in the exudate (Table I) (Fig. 5) . After transfer to KCI, the organic nitrogen translocation rates declined steadily, although not as rapidly as those of nitrate (cf. Fig. 4 ).
Temperature Effects on Nitrate Uptake and Translocation. Larger total amounts of nitrate (Fig. 6) and potassium (Fig. 7) were taken up at 30 C than at 20 C or 40 C. Uptake of both ions was restricted more at 20 C than at 40 C but at both adverse temperatures the tendency was for the nitrate uptake rate to increase with time (Fig. 6) . Translocation of both nitrate and potassium was strongly restricted at 20 C and 40 C (Figs. 8 and 9) , and potassium translocation rates exceeded nitrate translocation rates at all three temperatures throughout the experiment. Uptake and translocation of nitrate were affected more adversely by the two temperature extremes than were uptake and translocation of potassium. Translocation of organic nitrogen was restricted more at 20 C than at 40 C (Fig.  10) as was translocation of endogenous chloride (data not shown).
Striking decreases in exudate volume and in amount and percentage of nitrate accumulated in the exudate and seed + mesocotyl were observed at the two temperature extremes (Table II). In spite of a marked decrease in uptake, nitrate accumulation in the roots was unaffected at 40 C. At 20 C, only half as much nitrate accumulated in the roots as at 30 C but this constituted a greater percentage of that taken up. Reduction was restricted at 20 C and 40 C, but the relative proportion reduced at both extremes was greater than at 30 C. Values of Qlo, calculated for the 20 to 30 C interval, were significantly higher for nitrate translocation and exudate volume (4.6) than for nitrate uptake, accumulation in the roots, or reduction revealed that nitrate uptake was restricted by 0.5 mm 6-methylpurine, an inhibitor of RNA synthesis (20) . At 0.05 mm, this compound largely eliminated development of the accelerated rate of nitrate uptake (Fig. 11) . It also restricted chloride (Fig.  11) and potassium ( Fig. 12) uptake, but significant uptake of all three ions was still evident after 6 (Figs. 13 and 14) . The effect of the inhibitor on nitrate translocation was evident during the 1st hr while chloride translocation appeared to be affected slightly later (Fig. 13) . Potassium translocation from KCI was restricted earlier by 6-methylpurine than was potassium translocation from KNO3 (Fig. 14) . How Figure 15 . Exudation rates clearly were enhanced with nitrate relative to chloride after the 3rd hr. The exudation rate in the presence of nitrate was depressed by 6-methylpurine after the 3rd hr whereas the rate was depressed after the 2nd hr with KCI.
DISCUSSION
Nitrate Uptake and Translocation. Increasing rates of nitrate uptake were observed upon first exposure of the roots to nitrate (Figs. 1, 6, and 11 ). Potassium uptake rates were initially higher than nitrate uptake and either remained relatively constant (Fig. 7) or increased slightly (Fig. 12) . Once the accelerated phase of nitrate uptake had developed, its hourly rate was nearly equal to that of potassium (Figs. 6 versus 7; 11 versus 12). During the time period of these experiments, no consistent difference in potassium uptake was evident between the nitrate and chloride treatments (Fig. 12) (7, 25) . Some nitrate was detected in the mesocotyl and attached seed of nitrateexposed plants. Movement of ions out of the xylem vessels into the adjacent tissue in the stem or shoots or in the upper parts of roots has been indicated previously (22, 23) .
Nitrate translocation rapidly decreased when nitrate uptake was abolished by removal of ambient nitrate ( Fig. 4 ; cf. 17).
Whether preloading the root tissue to concentrations substantially greater than 18 tsmoles g-' (Table I (12), although the location of the pumping mechanism is not precisely known. Nitrate translocation exhibited dependency on aerobic conditions (Fig. 2) and temperature (Fig. 8) . Moreover, it was inhibited by the presence of 0.05 mim 6-methylpurine (Fig. 13) . In each instance, the inhibiting treatments resulted in a decrease in quantities of nitrate translocated as a percentage of that taken up (Tables  II and III) . In contrast, the quantities accumulated by the roots as a percentage of uptake were increased. The data indicate a greater sensitivity of the nitrate translocation process to alterations in aerobic metabolism, and possibly to protein synthesis (24), than either nitrate uptake or nitrate accumulation in the root cells.
When plants were exposed to nitrate, the exudation volume was invariably higher than when exposed to chloride (Fig. 15) .
This has been a consistent observation in a number of other experiments not reported here, the difference always being noted by the 3rd or 4th hr. An enhancing effect of nitrate over chloride on exudation volumes has been previously reported (3, 31) . Nitrate also enhanced the exudation volumes relative to other forms of nitrogen (27, 28) . Xylem exudation is a function of the osmotic pressure difference between the xylem sap and the root-bathing solution and it also depends on the hydraulic conductivity of the root tissue (15, 22) . For the observed difference in exudation (Fig. 15) After the first few hr, more inorganic nitrogen was recovered in the xylem exudate of seedlings exposed to KNO3 solution than those exposed to KCl (Fig. 3) ; and transferring the plants from KNOS to KCI resulted in a decreased rate of organic nitrogen translocation (Fig. 5) . Hence, continuous nitrate uptake was required for sustained organic nitrogen deposition in the exudate. Organic nitrogen translocation, similar to ni-trate translocation, was dependent upon solution areration (Fig. 3) ; it was restricted at 20 C and 40 C (relative to 30 C, Fig. 10 ), and it was strongly inhibited by 0.05 mm 6-methylpurine (data not shown). It is not yet known whether the enhancement in organic nitrogen translocation in the presence of ambient nitrate resulted from translocation of organic nitrogen sythesized from the entering nitrate or from the nitrate causing an increased translocation from endogenous organic nitrogen sources. Enhanced translocation of cations under nitrate nutrition has been frequently reported (1, 3, 5, 8, 19, 21) . With the detopped corn seedlings used in the present investigations, the effect of nitrate on potassium translocation was not observed until 4 or 5 hr elapsed (Fig. 14) and in some experiments it took longer. The effect of nitrate on organic nitrogen translocation has been consistently observed prior to the 4th hr.
By applying suction tension to the cut end of the stump of detopped plants it has been shown that an increased flux of water across the root results in enhanced rates of translocation of nitrate and potassium (2) . It is possible that removal of these ions from the xylem by a constant flushing of the vessels prevents theeir backward leakage into the cells of the stelar parenchyma (6) . Alternatively, enhanced removal of ions upward in the xylem with the increased water flux could maintain a more efficient active translocation mechanism which otherwise might be inhibited by high ion concentrations (14) . If either of these postulates is valid, it follows that the nitratestimulated water flux (the mechanism of which is unknown at present) would serve to enhance the translocation of most transportable ions and organic substances.
Nitrate Reduction. About 40% of the absorbed nitrate was reduced after 6 or 7 hr under the standard conditions of 0.5 mM KNOS at 30 C (Tables II and III) . Nitrate reductase is induced in corn roots shortly after exposure to nitrate, most of it in the apical portions (17, 29, 32 (Table III) , less so by anaerobiosis (cf. "Results"), and was slightly increased by 20 C and 40 C relative to 30 C (Table II) . It is possible that the two potential sites of nitrate reduction (roots and scutella) were not equally sensitive to the imposed adverse conditions. Basal regions of roots are able to absorb substantial quantities of nitrate (10; Volk and Jackson, unpublished data), and an inhibitor of nitrate reductase is present in the region 2 to 3 cm above the root apex (33) . It follows that the apical cm may be active in nitrate reduction whereas the basal and major portion may be more active in accumulation and translocation. Nitrate accumulation, translocation, and reduction have been visualized as competitive processes (4, 30, 34) ; the present results further suggest that the degree of dominance of any one of these processes is not uniformly distributed along the roots.
In the absence of external nitrate, the processes of nitrate translocation and reduction will depend on the supply of nitrate from a storage pool. Removal of the external nitrate resulted in only small amounts being reduced in a subsequent 5-hr period in KCl (Table I) . The concept of a short life nitrate reductase-inducing pool, dependent on continuous nitrate supply (11, 9) , appears applicable to corn roots because there is a net decay of the enzyme soon after removal of nitrate from the medium (17, 29) even though the tissue still contains appreciable nitrate. Similarly, nitrate translocation rates decreased immediately after removal from the nitrate solutions (Fig. 4) . The data illustrate that storage nitrate was effectively isolated from both the translocation pathway and the reduction pathway. The implication is that export of nitrate from root cell vacuoles was quite restricted under these experimental conditions.
